Abstract. In the study, the influence of soil compaction on the growth of silver fir seedlings (Abies alba Mill.) was evaluated; the soil compaction being measured using a cone penetrometer. The studies were conducted under a forest canopy, where the exploratory units with different soil compactions exerting a unit pressure of 50, 100, 150, 200, and 250 kPa, as well as the control units (without pressure), were prepared. Selected units were sown with seeds of silver fir, and from the remaining units, the soil samples were collected and their compaction measured using a cone penetrometer. After 5 months, the seedlings were collected and their growth analyzed. Increasing the unit pressure resulted in soil compaction characterized by the compaction in the layer up to 15 cm, in which the roots of the growing seedlings were found. Different variants of the pressure significantly affected the analyzed parameters of seedlings. Negative and statistically significant correlation was reported between increasing compaction of the soil, the length of the primary root, and the total length of seedlings (-0.46 and -0.35, respectively), while the positive correlation was found for the length of the stem (+0.32). Similarly, there was a statistically significant negative correlation between the increased soil compaction and the dry weight of the root system (-0.29), and positive correlation in the case of the stem dry weight (0.26). Increasing soil compaction, however, did not affect significantly the size of assimilation apparatus.
Introduction
A number of abiotic factors, particularly light, fertilization, and water availability, determine the growth of forest trees (Sack 2004; Bejarano et al. 2010) . It also depends on many factors related to physical properties of a soil, i.e., an excessive soil compaction (Pérez-Ramos et al. 2010; Alameda et al. 2012) . Compaction increases the bulk density and resistance during soil penetration and reduces the size of voids, i.e., its porosity, which reduces the permeability and water flow, as well as air saturation (Blouin et al. 2008; Bejarano et al. 2010; Lipiec et al. 2012) .
Very compacted soil may cause that plant require more energy for growth, especially for the development of root system. Moreover, soil compaction promotes shallow-rooted plants (Kozlowski 1999) and change in the morphological characteristics of the roots (Lipiec et al. 2012) , which may affect their stability (Ulrich et al. 2003) . Effects of excessive soil compaction depends on the type of the soil, its pH, cation exchange, groundwater level, organic matter content, climate, and the level of initial soil compaction (Kozlowski 1999; Ulrich et al. 2003; Blouin et al. 2008) . Soils compact both naturally and because of human actions and trampling by animals as well (Kozlowski 1999) . Loose soils may be compacted by subsidence and landslides, particulary when the soil is well moisturized. Compaction as a result of human activity, on the one hand, is associated with the process of soil growing, and, on the other hand, with the passing of machines (Picchio et al. 2012) . Most of the ground damage in the forest results from passing of Ecological Questions 22/2015: 47 -54 http://dx.doi.org/10.12775/EQ.2015.022
heavy machines, in particular performing logging, and this damage are formed in the immediate vicinity of skidding, reaching deeper into the soil profile to a depth of even 70 cm. The growth of trees up to 15 m on both sides of the strip logging may be reduced from 10 to 15%, and often by even greater proportion (Ulrich et al. 2003) . The determination of the growth of different forest tree species seedlings on the compacted soil is important not only from the viewpoint of the costs incurred to prepare the ground for the forestation, but also due to the costs incurred for refilling during planting of seedlings. Undoubtedly, unfavorable soil conditions also have an impact on the health and productivity of the forest, which grows from seedlings grown in unfavorable conditions (Kozlowski 1999) . The soil compaction measured using a cone penetrometer is the parameter that is commonly used as a measure of the soil compactness (Dexter et al. 2007) There is little information regarding the effects of soil compaction on forest tree seedlings species growth. Previous studies carried out for Scots pine (Pinus sylvestris L.) and pedunculate oak (Quercus robur L.) showed that such a relationship exists (Kormanek & Banach 2012) . However, each species may have its own preferences as indicated by several studies that analyzed the effect of compactness of the nursery ground on the growth of seedlings (Conlin & van den Driessche 1996; Maupin & Struve 1997; Zahreddine et al. 2004; Kormanek et al. 2013) . It is therefore necessary to carry out further research in this area, especially for silver fir (Abies alba Mill.), which renews itself naturally through self-seeding. The objective of the study is to determine the effect of soil compaction on the growth of silver fir (Abies alba Mill.) seedlings growing on the stand under canopy.
Study area
The research was made in the forest, located within forest nursery "Kłaj" (the Niepołomice Forest District). The experiment was set on the flat area on sandy loam soil ( 
Materials and methods
Different level of soil compaction was artificially induced by static pressure applied on the soil. The value of soil compaction was determined using penetration resistance parameter, gravimetric moisture content and soil density parameters.
In the study, a self-developed device, installed on the three-point tractor's system, for the controlled pressure exerted on the ground was used (Kormanek 2013) , by which pressure was exerted on the soil by flat wooden stamp with dimensions of 25 × 25 cm. Every single exploratory unit corresponded to the dimension of the stamp. Different pressure values of 50 (P1), 100 (P2), 150 (P3), 200 (P4), and 250 kPa (P5) were used in the study; the control units (P0) on which no pressure was exerted were also established with the dimensions of 12.5 × 25 cm. During the selection of the pressure values, the pressure exerted by elements of suspension and steering of machines working in the forest within the applied range were recommended (Ulrich et al. 2003) .
Pressure application time was 10 seconds and it corresponded to the time of exerting the pressure by the sixwheel drive machine passing once at a velocity of approximately 6 km·h -1 (e.g., forwarder or a farm tractor equipped with a logging trailer) for which the contact surface between a wheel and a soil is related to the surface of the exploratory unit.
In the research area, a total of 30 study plots (25 × 25 cm) were used, such as 3 sets per 5 units of different variants of unit pressure (P1-P5) and 3 sets per 5 control units (12.5 × 25 cm) (P0), located at the side to the plots on which the pressure was exerted.
Between individual variants of study plots it was prepared the additional sets of plot samples. On each of these plots it was measured the penetration resistance up to a depth of 31.5 cm, using self-developed static cone penetrometer with a resolution of 1.5 cm (Kormanek 2011) , and were collected soil samples from the layer of up to 15 cm deep into 250 cm 3 measuring cylinders. On the basis of soil samples gravimetric moisture content and volume density were calculated.
In the study, a standard normalized cone with a base diameter of 1.27 cm (0.5 inch) was used (ASAE Standards 1998), which was manually introduced into the soil at a velocity of approximately 3 cm·s -1 . In units where the pressure was applied, 10 seeds of silver fir were sown (25 × 25 cm plot), and on the control units, 5 seeds (May 4th, 2013) were sown (12.5 × 25 cm plot), which were then covered with a layer of peat substrate with a thickness of approximately 2-3 cm according to recommendations for this species (Sobczak 1992) . The seeds used in the experiment were derived from selected seed stands in Powroźnik forest range (Forest Experimental Station Krynica -Zdrój) and collected in September 2012.
During the growing season, no treatments were performed so that the plants could grow in conditions which are the most natural possible. After 5 months (October 8th) seedlings with some chunk of land were dug, collecting the entire experimental units. The chunk of land was steeped in water to collect single seedlings without damaging their root systems. For each seedling, the length of the steam and primary root were measured with an accuracy of ±1 mm and the diameter of the root collar with an accuracy of ±0.01 mm. In order to determine the surface of assimilation apparatus, needles from each seedling were removed, followed by scanning using STD 1600+ scanner.
For a single seedling, the number of needles and their surface were determined using Winseedle (Regent Instruments Inc., Quebec, Canada). Seedlings were then dried at 70°C for 48 hours and the dry weight of the underground part, stem, and assimilation apparatus were determined with an accuracy of ±0.001 g.
The obtained results were subjected to statistical analysis using Statistica 10.0 (Stat Soft Inc.). The mean values of the analyzed variables were calculated, analysis of variance was performed, and identification of homogeneous groups using Tukey's multiple comparison test was conducted. For parameters with a significant variation, regression analysis using compaction was performed.
Results and discussion
In the experiment, a total of 70 seedlings were grown from 225 fir seeds sown. The average yield of sowing in all experimental variants was estimated at 31.1%, which exceeds the performance of seeding for this species in nursery conditions within the range of 14-20% (Sobczak 1992) .
Change of compaction ( Fig. 1 ) and the physical parameters of a soil in subsequent variants of measurement (Table 2) indicate that the exerted unit pressure affected primarily the compaction of the soil in a layer up to a depth of 15 cm, i.e., the zone in which the root systems of young plants occurred, although the scope of changes reached deeper layers of the soil (Fig. 2) . Similar results for silt loam soil were obtained by Watson and Kelsey (2006) , who reported a significant increase in soil compaction in the layer up to 15 cm (5.9 inches) deep, as a result of the passing of machines.
The results of the measurement of each parts of the seedlings and parameters of needles (Table 3) indicate that the pressure exerted caused a significant variation of length of the primary root, arrow, and the total length of seedlings. It also affected the number of needles per seedling. However, different soil compaction did not affect the diameter of seedlings measured in the root neck and the total surface of the needles.
Analyzing the dry weight of various parts of the seedlings (Table 4) , it can be concluded that the exerted pressure significantly affected the dry weight of the root system, stems, and needles, and did not affect the total dry weight of seedlings.
Change of the compactness of soil in the layer up to a depth of 15 cm (Table 2) induced by the exerted unit pressure caused a decrease in the length of the primary root ( Fig. 3a ; correlation coefficient r = -0.46, p < 0.01), with a simultaneous increase in the length of stem ( Fig. 3b ; r = -0.35, p < 0.05). Most likely, the seedlings compensated the hampered growth of the root system by increasing the length of the stem, although the total length of the seedling decreased with an increase in soil compaction ( Fig. 3c ; r = -0.35, p < 0.05). Moreover, the number of needles on seedlings decreased ( Fig. 3d ; r = -0.27, p < 0.05). A decrease in the length of the primary root has already been observed by Sands and Bowen (1978) for the growth of Monterey pine (Pinus radiata D. Don) seedlings on the compacted soil, as well as by Corns (1988) for the growth of seedlings of lodgepole pine (Pinus contorta Dougl. ex Loud.) and white spruce (Picea glauca (Moench) Voss). Reduction in the number of roots in the case of large trees (breast height diameter at 30 cm) of pin oak (Quercus palustris Münchh.) has also been reported by Watson and Kelsey (2006). A decrease of the rate of diffusion of oxygen in the spring caused by the compaction of a topsoil due to passing of machines is a primary cause of this phenomenon. However, Watson and Kelsey (2006) reported no growth of the thickness (breast height diameter) of leaf surface, growth of branches, or tree dying in the studies. The plot figure presenting the changes in the dry weight of various parts of seedlings along with the change of penetration resistance (Fig. 4) clearly indicates a decrease in the dry weight of the root system ( Fig. 4a ; r = -0.29, p < 0.05) and an increase in the dry weight of a stem ( Fig. 4b ; r = 0.26, p < 0.05). Similar results regarding decrease of the total dry weight of seedling and dry weight of its root Influence of soil compaction on the growth of silver fir (Abies alba Mill.) under a forest canopy system were reported by Corns (1988) for lodgepole pine (Pinus contorta) and white spruce (Picea glauca) growing on compacted soil. The change in the dry weight of needles was not significantly correlated with the change of soil compaction.
Conclusions
1. Increasing the unit pressure (in the range of 50-250 kPa) applied on the soil resulted in an increase in soil compaction, as indicated by the increase in the compactness of the soil in a layer up to 15 cm deep, which contained the root of silver fir (Abies alba Mill.) seedlings. The application of pressure also influenced the increase in compaction in the deeper layers of the soil (up to the investigated depth of 31.5 cm). 2. The changes of soil compaction caused by the different value of exerted unit pressure significantly affected the diversity of the following parameters: length of the primary roots, stems, total number of seedlings, number of needles, dry weight of the root system and stem. However, it did not affect the diameter of the root collar, the surface of assimilation apparatus, the dry weight of the whole seedling and the dry weight of assimilation apparatus. 3. There was a statistically significant negative correlation between the increase in soil compaction expressed by penetration resistance and the length of the primary root (r = -0.46), the total length of seedlings (-0.35) , and the dry weight of the root system (-0.29), and a positive correlation between the length (0.32) and the dry weight of the stem (0.26). The relationship proved to be statistically insignificant in the case of the dry weight of assimilation apparatus.
